ABSTRACT: In order to elucidate the importance of food-borne chemical contamination in fish, cytological and ultrastructural alterations in hepatocytes and enterocytes of common carp Cyprinus carpio L. exposed for 5 wk to 0.5 pg endosulfan (6,7,8.9,10,10-hexachloro-1,5,5a, 6,9a-hexahydro-6,9-methano-2,4,3-benzo-dioxyanthiepin-3-oxide) kg-' food dry weight, equivalent to an ultra-low dosis of 15 ng kg-' fish d-', were investigated by means of light and electron microscopy Observations on liver alterations were quantified by morphometric analysis Livers show enlargement of the nucleolus, increase in number and size of both Golgi flelds and rough endoplasmic reticulum (ER) lamellae, as well as proliferation of peroxisomes and lysosomes. Taken together, these alterations represent the morphological equivalent of a general stimulation of hepatic metabolism. Proliferation of the smooth ER is indicative of the onset of biotransformation processes under the influence of food-borne endosulfan. Further pathological processes in the liver were evident by glycogen and lipid depletion, invasion of phagocytic macrophages, and accun?ulation of myelinated bodies in endothehal cells of hepatic sinusoids. In the intestinal tract, exposure to endosulfan is associated with a complete lack of chylomicrons in the epithelia1 lining, w h~c h indicates disturbance of intestinal absorption. The reaction of the gut epithelium also included considerable distension of the intercellular space and an elevated number of lysosomal inclusions in enterocytes. An increased rate of mucous cell precursors was detectable, and rnacrophages were numerous. Results are consistent with endosulfan resorption by the intestinal epithelium and the coexistence of gut and liver ultrastructural changes at extremely low doses. Thus, the substantiation of patholog~cal alterations In organs sequentlally in contact with toxicants appears useful as a biomarker of pollutant exposure and effect. With regard to a chemical spill into the Rhine river at Basel, Switzerland, in November 1986, endosulfan, as a component of the mixture of toxic substances, may well have contributed to the overall toxicity of the chemicals released during the accident and the subsequent fish kill, less as a toxicant in itself than as a stimulant for the toxicity of other xenobiotics.
INTRODUCTION
The cyclodene insecticide endosulfan (6,7,8,9,lO, 10-hexachloro-l, 5,5a , 6,9a-hexahydro-6,9-methano-2,4,3-benzo-dioxyanthiepin-3-oxide) is among the most toxic pesticides for aquatic life, especially fish, and has, therefore, been registered as a 'priority pollutant' by the US Environmental Protection Agency (Holcombe et al. 1983 , Janardan et al. 1984 . Acute toxicity for fish (LCS0: 96 h) varies from 0.1 pg I-' in Morone saxatilis (Korn & Earnest 1974) and mosquito fish (Joshi et al. 1981 ) to 20 and 42 g g 1-' in eel at 29 and 22"C, respectively (Ferrando et al. 1987 (Ferrando et al. , 1991 . For reviews on acute toxicity data of endosulfan, see Schimmel et al. (1977) , Johnson & Finley (1980) , Goebel et al. (1982) , Verschueren (1983) , Baier et al. (19851, Mayer & Ellersieck (1986) , Paul & Raut (1987) , Sunderan? et al. (1992) ' Gimeno et al. (1994) , as well as Arnold et al. (1995 Arnold et al. ( , 1996a .
Only recently, in addition to a multitude of other sublethal effects, has endocrine disruption repeatedly been demonstrated as a further adverse effect of endosulfan (Matthiessen & Logan 1984 , Inabraj & Haider 1988 , Pandey 1988 , Sinha et al. 1991 , Chakravorty et al. 1992 , Petit et al. 1995 , Bjerregaard et al. 1998 .
Particularly in developing countries, endosulfan is in general use for pest control in jute, cotton, sugar cane and vegetables. Due to constant leaching as well as superficial runoff during rainfall and to accidental spillage, endosulfan has repeatedly been reported in surface waters of developing and developed countries (Herzel 1972 , Van Dyk & Greeff 1977 , Wall et al. 1978 , Frank et al. 1982 , Baier et al. 1985 . In the Dutch section of the river Rhine, mean concentrations of 0.1 to 0.3 pg 1-', with maximum values of 0.81 pg 1-' in 1969 and since then decreasing, have been reported for the period 1969 to 1975 (Wegmann & Greve 1978) . In 1969, endosulfan was causally implicated in a fish kill in the river Rhine (Greve & Wit 1971) .
During another chemical spill at Base1 in November 1986, about 30 toxic chemicals including various pesticides, solvents, emulgation aids, stabilizers and other products were released into the river Rhine, leading to a fish kill of considerable dimensions (Deutsche Kommission zur Reinhaltung des Rheins 1986 , Braunbeck et al. 1990a . On this occasion, 20 to 60 kg of endosulfan (active ingredient) were spilled resulting in water concentrations of 0.03 to 0.34 pg 1-' (Deutsche Kommission zur Reinhaltung des Rheins 1986). Since bioaccumulation factors of endosulfan in fish may reach values of 21000 after only 96 h and L2000 after 28 d (Schimmel et al. 1977 , Verschueren 1983 , the concentrations measured after the chemical spill in 1986 could be considered as a cause of sublethal effects in fish.
In order to determine if trace concentrations of endosulfan are taken up via contaminated food particles, as was postulated by Herzberg (1986) , and to evaluate a possible involvement of endosulfan in the fish kill in the river Rhine in November 1986, juvenile common carp were exposed to food tainted with 0.5 yg kg-' endosulfan, i.e. a level most likely reached during the chemical spill. Common carp was chosen as the test species due to its moderate sensitivity to endosulfan, the LC,o-values decreasing from 7 pg I-' after 24 h to 0.9 pg I-' after 168 h (Basak & Konar 1976) , thus indicating time dependence of endosulfan toxicity.
According to Basak & Konar (1977) , even endosulfan concentrations of 21.4 pg I-' do not induce alterations in food consumption, behavior and reproduction of carp; thus, more sensitive methods had to be employed for the detection of possible sublethal effects. Cytological investigations of fish organs, especially of the liver, repeatedly proved to be an extraordinarily sensitive tool to reveal both adaptive processes and detrimental effects in fish induced by organic pollutants (Hacking et al. 1978 , MC Cain et al. 1978 , Klaunig et al. 1979 , Schoor & Couch 1979 , Hawkes 1980 , Rojik et al. 1983 , Benedeczky et al. 1984 , Braunbeck et al. 1989 , 1990a ,b,c, 1992a ,b, Burkhardt-Holm et al. 1990 , Braunbeck & Volkl 1991 , Braunbeck 1994 . Since fish liver is regarded as a major site of storage, biotransformation and excretion of endosulfan (Schoettger 1970 , Rao & Murty 1982 , Herzberg 1986 , Arnold & Braunbeck 1993 , 1994 , Arnold et al. 1995 , 1996a , and since the intestinal tract is the first organ to come into contact with food-borne contaminants, ultrastructural changes of these organs were chosen as criteria for the sublethal action of endosulfan.
MATERIALS AND METHODS
The experiments were conducted at the Aquaculture Laboratory of The Jacob Blaustein Institute for Desert Research, Ben Gurion University of the Negev, Sede Boqer Campus, Israel.
Fish. Two-yr-old juvenile common carp Cyprinus carpio L. with an average body weight of 62.5 g from the laboratory stock at Sede Boqer were kept in lots of 20 fish (25 g 1-' in glass aquaria containing 50 1 of permanently aerated water adjusted to 27 -+ 1°C (CaC03: 400 + 20 mg I-', pH: 7.6 * 0.2). Water was constantly replaced at a rate of 30 1 h-' in a flow-through system. Fish were allowed to acclimate to specific conditions for 4 wk. During the adaptation period, fish were fed 3 mm pellets of commercially available carp feed (30.9 % crude protein, 3.2 % crude lipid, 10.3 % water, 5.9 % ash, 0.5 % vitamin mixture; supplemented with 0.4 g mineral mixture) at daily rations of 3 % body weight. Food was equally apportioned over the entire 16 h light phase.
Contaminant. Technical endosulfan (6, 7, 8, 9 ,10,10-hexachloro-1,5,5a, 6,9a-hexahydro-6,9-methano-2,4,3-benzo-dioxyanthiepin-3-oxide; thiodan; 35 % w/v) was diluted to 10-5% (w/v) with ethanol (pro analysis grade, p.a.). 4 g of mineral mixture were soaked with 5 m1 of the diluted endosulfan solution. After removal of the solvents in a rotary evaporator under vacuum at 30°C, the endosulfan-contaminated mineral mixture was thoroughly mixed with 1 kg of pulverized food (resulting in a final endosulfan concentration of 5 pg kg-' food). Food was moistened with distilled water, repelleted to a diameter of 3 mm, and air-dried. Food for control carp was treated identically but without contamination with endosulfan.
Treatment. After acclimation, fish were divided into 2 groups and exposed for 5 wk to 0.5 pg kg-' foodborne endosulfan d-' (nominal concentration; equivalent to 15 ng kg-' fish d-l). At the end of this period, fish were sacrificed and further processed for electron microscopy.
Electron microscopy. Four control and 4 endosulfan-treated fish were fixed for electron microscopy. All manipulations were performed at Inidmorning to avoid diurnal variation. For fixation, fish were anaesthetized by suspension in an aqueous solution of ethyl-4-aminobenzoate (benzocaine) and perfused in sjtu through the ventricle, first with physiological saline containing 2% polyvinylpyrrolidone (PVP, Merck, Darmstadt, FRG) and 0.5% procaine hydrochloride (Merck) for 30 s to remove blood cells, followed by ice-cold 1.5% glutardialdehyde and 1.5% formaldehyde (freshly prepared from paraformaldehyde) in 0.1 M sodium phosphate buffer (pH 7.6) containing 2.5% PVP (3 to 4 min, equivalent to approx. 50 ml).
The anterior portion of the liver and small segments of intestinal regions I and I1 were excised immediately after perfusion, cut into small blocks of < l and 2 mm side length (liver and intestine, respectively) and incubated in perfusion fixative for at least 30 min at 4°C. The fixation was continued in 2.5% glutardialdehyde in 0.1 M sodium cacodylate buffer (pH 7.6) containing 4 % PVP and 0.05 % calcium chloride for 20 min at 4OC. After rinsing in cacodylate buffer, tissue blocks were postfixed at 4OC for 1 h with 10/0 osmium ferrocyanide (Karnovsky 1971) .
After repeated rinsing in 0.1 M cacodylate and 0.05 M maleate buffers (pH 5.2), the tissue was stained en bloc with 1 % uranyl acetate in maleate buffer for at least 1 h at 4°C. Specimens were dehydrated in a graded series of ethanol and embedded in Spurr's medium (Spurr 1969) . Ultrathin sections of 60 to 80 nm thickness were stained with alkaline lead citrate (Reynolds 1963) for 30 s or 1 min and examined in a Zeiss EM 9 S-2 or a Zeiss EM 10 electron microscope. Light microscopy. Semi-thin plastic sections of 0.5 pm were stained with methylene blue -Azur I1 (Richardson et al. 1960; modified) and used for orientation. For visualization of glycogen, semi-thin sections were ~ncubated in an alkaline 1% solution of silver diamine for 1.5 h at 60°C (Singh 1964) . After rinsing in distilled water, sections were mounted in Entellan (Serva Chemicals, Heidelberg, Germany) and examined in a Zeiss photomicroscope 11.
Morphometric procedures. Sampling and morphometric evaluation were performed according to the procedures by Weibel et al. (1969) and Weibel (1979) . The primary sample consisted of 6 tissue liver blocks from each fish. Four blocks were selected at random to represent the secondary sample. These blocks were sectioned at a thickness of 0.5 pm for high-resolution light microscopy and at 60 to 90 nrn for electron microscopy. The tertiary sample consisted of micrographs recorded on sections of the secondary samples.
Three levels of magnification were employed (Table 1) : from 0.5 pm thick sections, 1 light micrograph per section was recorded at a final magnification of X 1100, from ultrathin sections, at least 10 electron micrographs were taken per section, thus yielding a final sample of 240 micrographs per fish at magnification levels of x7200 and ~1 8 0 0 0 .
Finally, the micrographs used for morphometry were sampled randomly according to the principles of Weibel(1979) .
The volume density (V",) was estimated by placing a test point lattice with a defined number of test points on a micrograph and by determining the fraction of these points enclosed within profiles of the structure investigated. Test points falling on extrahepatocellular structures (bile canaliculi, sinusoids, etc.) were subtracted from the total number of test points. All data presented were calculated with hepatocytes as reference space. The volume density of nuclei (Vvnh) was determined on light micrographs using a test point lattice with 391 points spaced systematically at a distance of d = 10 mm on the test point lattice (equivalent to 9.091 pm in the tissue). (V,,) and peroxisomes (Vvp,,,,) were determined on micrographs with a test point lattice with 108 points spaced at a distance of d = 20 mm (equivalent to 1.111 pm in the tissue).
The numerical densities (Nvi) of particulate hepatocyte structures within the test area were calculated according to the formula (Weibel et al. 1969 , Weibel 1979 :
Endoplasmlc reticulum (5 %) M~tochondria (4 %) Total hepatocyte volume:
where NAl is the number of actually counted hepatocellular profiles divided by the test area, Vvi is the volume density of the profile, and b is a shape-dependent coefficient. This coefficient b was assumed to be 1.38 for nuclei, lysosomes, lipid and peroxisomes, and 2.25 for mitochondria (Weibel et al. 1969) . Numerical density of hepatocytic nuclei (NVnh) was determined from light micrographs of semi-thin sections. The number of hepatocytes per unit volume of hepatocytic tissue (1 cm3) was calculated from the numerical density (NVnh) of hepatocytic nuclei obtained by the aforementioned procedure. Numerical densities of mitochondria (Nv,,,,) , lysosomes (Nvl,,,) , and l~p i d (NVlipid) were calculated from electron micrographs at x7200; numerical density of peroxisomes (NVporox) was estimated from micrographs at X 18 000. The numbers of the structures investigated per hepatocyte were computed from Nvi /Nvnh. Statistical procedures. Mean values from morphometric measurements were compared using the non-parametric Wilcoxon-Mann-Whitney U-test (Sachs 1984) .
RESULTS
Carp Cyprinus carpio exposed to endosulfan did not sh.ow any alterations in behavioral patterns and feeding activ~ty. Likewise, growth was not retarded following exposure to endosulfan, and no macroscopically overt signs of pathology could be discerned during dissection.
Lysosomes ( , but a comparatively limited development of endoplasmic reticulum and Golgi fields. Organellecontaining portions of the cytoplasm were strictly separated from areas of reserve materials (intracellular compartmentation, cf. Braunbeck et al. 1989) .
The nucleus (approx. 6 pm in diameter) was of regular outline and contained a central electron-dense (Fig. 6) . Single or paired RER lamellae also sheathed mitochondria, which appeared as spherical or elongated profiles with a diameter of up to 0.7 pm and a length of up to 3.5 pm; occasionally, twisted and branched mitochondrial profiles were evident.
Peroxisomes mainly appeared as spherical particles with a diameter ranging from 0.8 to 2.2 pm, and were closely associated to single non-fenestrated cisternae of RER and mitochondna (see Fig. 12 ). They always lacked an amorphous or crystalline core, and their matrix was of homogeneous, slightly granular appearance.
The hepatocytes of uncontaminated carp were virtually free of smooth endoplasmic reticulum (SER); only occasionally could small fragments of SER be found in intimate association to Golgi fields and bile canaliculi. Golgi fields were of limited extension and consisted of 1 to 3 straight, hardly fenestrated lamellae. As a rule, 1 or 2 dictyosomes could be distinguished per cell section. Lysosomes were small and scarce; they were restricted to the peribiliary area.
Both glycogen stores and lipid deposits were abundant in control carp hepatocytes (Figs. 1, 3 & 6) . The lipid inclusions ranged from 0.3 to 4.5 pm in diameter and were randomly distributed over the peripheral cytoplasmic areas.
In quantitative terms, the majority of the hepatocellular volume was occupied by glycogen fields (52%) and lipid (14 %); among the organelles measured, the endoplasmic reticulum accounts for 5 %, followed by mitochondria (4 %), whereas peroxisomes and lysosomes comprise only 0.6% (Fig. 1, Table 2 ).
Liver of endosulfan-exposed calp Whereas nuclear diameter and volume were unaffected by exposure to endosulfan exposure (Table 3) , the mean diameter (Fig. 3 ) and fish exposed to 0.5 pg kg-' endosulfan (Figs. 4 P1 5). 0.5 pm resin sections stained for glycogen with the silver diarnine impregnation technique, si: sinusoids; x630. Fig. 3 . In control fish, hepatocytes display a clear-cut separation into intensely stained peripheral glycogen areas and a perinuclear zone of organelle-containing cytoplasm. Lipld inclusions are randomly distributed within the glycogen areas. Figs. 4 & 5. In fish exposed to 0.5 pg kg-' endosulfan, there is a conspicuous decline in cell size and the number of lipld ~nclusions. In the liver port~on shown in Fig. 4 , lipid depletion is less prominent than in the area depicted in Fig. 5 . Note the accumulation of the remaining lipid accumulations at the sinusoidal pole of the hepatocytes (arrowheads) and lipid deposits (Fig. 1, Tables 2 & 3 ) . As was already evident on low-power electron micrographs (Fig. ? ), the amount of RER had drastically increased and lipid deposits were concentrated at the sinusoidal pole of the hepatocytes.
The nuclear outline appears less regular than in controls (Figs. ?, 8, 9 & l l ) , and the number of binucleate hepatocytes was elevated (Fig. 9) . The diameter of the central nucleolus had increased by up to 150% to a maximum of 3.3 pm (Figs. 7, 8 & 9) .
In all fish investigated, the most conspicuous cytological alteration was the increase in the amount of RER and SER: according to quantitative determination, the proliferation of the endoplasmic reticulum was in the range of 200%, resulting in hepatocytes containing up to 15% endoplasmic reticulum (ER) ( Table 2 ). Both number and extension of RER stacks had drastically increased, thus suggesting a higher capacity of protein synthesis (Figs. 7, 8 & 9) . The piles were located around the nucleus and in peripheral regions of the cells, where they were made up of up to 18 parallel, only occasionally fenestrated RER lamellae; the longitudinal extension of the stacks ranged from 4 to 6.5 pm. The SER showed a remarkable proliferation in consequence of endosulfan expo- Figs. 6 & 7. Cyprinus carpio. Fkq& Low-power electron rmcrograph of a control hepatocyte. The cell is dominated by vast accumulations of glycogen in the cell periphery. Lipid inclusions are scattered over the peripheral storage areas. Rough endoplasmic reticulum (RER) around the spherical nucleus is scarce. ca: bile canaliculus, gly: glycogen, nl: nucleolus. x4700. Fig. 7 . Hepatocytes of carp exposed to 0.5 pg kg-' endosulfan Cell size is reduced. The nuclear outline (:g) appears less reguldr, dnd the RER forms extensive stacks The size of Golg~ fields (arrowheads) has increased. decrease being mainly due to a reduction in glycogen macrophage, nl: nucleolus. x2900
Figs. 8 to 11. Cypnnus carpio E i e Number and extens~on of hepatocyt~c RER stacks have drastically Increased follow~ng exposure to endosulfan. RER plles around the nucl.eus (nu) and In the penpheral cytoplasm are composed of up to 18 parallel, occas~onally tenestrated RER lamellae 11. l~p l d x4800 Endosulfan exposure ~nduces a numerical augmentation of binucleate cells (nu,, nu2) m carp Ilver. x3600 Fig. 10 Hepatocyt~c G o l g~ f~elds In exposed flsh d~splay an increase in number and size. The d~ctyosomes frequently appear as circular prof~les, the trans-most c~sternae (arrowheads) are highly fenestrated. ca: bile canal~culus x22200 Fig. 11 . Carp after exposure to endosulfan; hepatocytes d~splay a remarkable proliferation of the smooth endoplasm~c ret~culum (SER). G o Golgl fields. X l 0 600 sure (Flgs. 1 & 11) extenslve fields of cytoplasm were and peroxisomes was often highly fenestrated or vlrreplenished with a n elaborate network of short tubutually absent [Fig 11) . lar and vesicular anastomosing proflles of SER ranIn parallel to the alterations in the endoplasmic reticdomly distnbuted between glycogen rosettes. The ulum, Golgl fields displayed an augmentation in sheath of endoplasmic reticulum around mltochondria number and size (Flg. 10). The dictyosomes frequently
Figs. 12 to 14. Cyprinus carpio. Fig, 12 . In control carp liver, single peroxisomes and rnitochondria are frequently in intimate associat~on with each other and are enveloped by cisternae of the RER. X 15 100. Fig. 13 . Carp after exposure to endosulfan; carp hepatocytes show a marked proliferation of peroxisomes, which tend to form large aggregations. Size and shape of peroxisornes display an increased heterogeneity. ~1 3 5 0 0 . Fig. 14 . Irregular mitochondrial profiles such as ring-like cross-sections indicate an increased variability in shape and size of mitochondria after exposure to endosulfan. x39400 appeared as circular profiles (Figs. 10 & 1 l ) , the transmost cisternae were highly fenestrated and budded off an increased number of Golgi vesicles (Fig. 10) . A numerical and volumetric increase, both in relative (Fig. 1 , Table 2 ) and absolute terms (Fig. 2, Table 3 ), could also be observed in lysosomes, which often contained lipid droplets in various stages of degradation. In fish exposed to endosulfan, hepatocytes exhibited the formation of peroxisome aggregations ( Fig. 13) : Whereas in controls peroxisomes appeared as isolated, circular profiles of regular outline in close affiliation with RER and mitochondria (Fig. 13) , peroxisome accumulations in fish exposed to endosulfan were composed of irregularly shaped particles mostly without conspicuous association with other organelles. Peroxisomal size ranged from 0.1 to 1.2 pm, i.e. peroxisomes in these aggregates were smaller than in controls. In total, however, as calculated from the peroxisomal volume and number per hepatocyte (Fig. 2, Table 3) , the average volume of a single peroxisome was 0.16 pm3 in control hepatocytes and 0.20 pm3 in endosulfanexposed specimens. Volume and numerical densities as well as the number of peroxisomes per hepatocyte were significantly higher than in control specimens (Fig. 1, Table 2 ). Moreover, mo~-phological heterogeneity of peroxisomes was significantly increased. There were no alterations in the appearance of the peroxisomal matrix.
Whereas the absolute volume and number of mitochondria per hepatocyte were unaltered after endosulfan exposure (Table 3) , both volume density and relative volume had increased, mainly due to a reduction in hepatocytic volume (Table 2 ). Variability in shape and size of mitochondria had increased; most frequently, circular profiles could be encountered (Fig. 14) .
In contrast to most of the organelles, the volumes of both glycogen fields and lipid per hepatocyte were diminished by 66 and 83 %, respectively, if related to a single hepatocyte (Figs. 4 & 5, Table 3 ). Whereas in most cells the size range of lipid inclusions was unaffected by endosulfan, there was a striking concentration of lipid droplets along the perisinusoidal face of the hepatocytes (Figs. 4, 5, 6 & 8) . On rare occasions, large glycogen accumulations of extreme packaging density could be found in cell portions free of other cell Carp following exposure to endosulfan; there is an invasion of macrophages (ma) into the liver parenchyma via the perisinusoidal space of Disse (Fig. 18) or along the biliary system ( Fig. 19) : si: sinusoid. Fig. 18 : x6900; Fig. 19 : ~1 0 9 0 0 . Fig. 20 . In the endothelial cells (en), endosulfan induces hypertrophy of the Golgi complex (Go) and aggregations of myelinated bodies. x31500
components (Figs. 15 & 16) ; the origin of these cells could not be established, but they were assumed to be derived from hepatocytes. With regard to non-parenchyma1 components of the liver, endosulfan exposure resulted in an immigration of macrophages via the perisinusoidal space of Disse (Fig. 18 ) and along the biliary preductules and ductules (Fig. 19) . Interestingly, in some of the macrophages, glycogen condensations similar to those described above could be observed ( Fig. 19 ; compare to Fig. 16 ). Most likely, they originated from phagocytosis of hepatocytic glycogen accumulations.
Further cytological alterations could be demonstrated in the endothelial lining of the sinusoids. In parallel to the changes within hepatocytes, there was a hypertrophy of Golgi fields in addition to the occurrence of clusters of myelinated bodies (Fig. 20) .
Reaction of the intestine to endosulfan
Intestine of control carp Since no cytological alterations in consequence of endosulfan exposure could be observed in intestinal region I1 (for terminology of intestinal regions, see Stroband et al. 1979) , only region I will be considered in detail.
The enterocytes of intestinal region I can be identified as high columnar cells measuring ca 60 pm with a comparatively low, homogeneous microvillus border of ca 1 pm (Fig. 21) . The intercellular space between enterocytes was limited to a width of 1100 nm and displayed numerous chylomicrons. The most apical cytoplasmic layer reached a height of 0.7 pm, was almost free of organelles and housed a few tiny vesicles and the terminal web above a zone particularly rich in mitochondria, ER profiles and lipid droplets (Fig. 21) . Lysosomes and myelinated bodies were scarce in control carp.
The central cell portion was occupied by vesicular and cisternal profiles of RER, free ribosomes, peroxisomes and Golgi fields (Fig. 22) . The dictyosomes consisted of both flat lamellae and cisternae, which appeared slightly distended and, in tangential sections, perforated. Vesicles of varying size had budded off the Golgi fields and displayed numerous chylomicrons.
The elongated nucleus, measuring 10 p along its longitudinal axis, was located in the basal third of the enterocytes and displayed only little heterochromatin and a conspicuous nucleolus. The most basal portion of the cell again contained numerous mitochondria in close association to some ER lamellae and an elaborate system of lamellar structures derived from indentations by the basal and lateral cell membranes (Fig. 23) .
Intestine of endosulfan-exposed carp
The reaction of the enterocytes of intestinal region I to food-borne endosulfan was characterized by distension of the intercellular space and drastic stimulation of lysosomes within the cells.
The most conspicuous cytological alteration was the proliferation of the lysosomal compartment. Lysosomes characterized by low electron density and highly condensed material in their center as well as myelinated structures in the periphery had increased both in number and size (Figs. 24 & 25) . Occasionally, long, slender crystalline inclusions could be identified in the lysosomal matrix (Fig. 25) . Lysosomes accumulated predominantly in the supranuclear portion of the enterocytes.
The intercellular space appeared enlarged, reaching a width of up to 1.5 pm (on rare occasions 3.5 pm), and was virtually free of chylomicrons. Following exposure to endosulfan, the number of chylomicrons within the enterocytes was subject to a drastically increased intraindividual variability, as compared to control specimens. Lipid inclusions could not be discerned in the enterocytes of endosulfan-exposed fish.
As in the Liver, there was an immigration of macrophages in the intercellular space after feeding endosulfan-contaminated food (Fig. 26) . Within these phagocytes, myelinated bodies accumulated to form clusters and composite structures. The origin of the myelinated bodies, however, could not be identified. Moreover, an unusually high rate of mucous cell precursors indicated a stimulation of mucous cell turnover after endosulfan exposure.
Figs. 21 to 26. Cyprinus carpio. Figs. 21 to 23. In intestinal region I, the apices of enterocytes are characterized by a zone particularly rich in mitochondria, endoplasmic reticulum (ER) profiles and lipid droplets (Fig. 21) . The intercellular space between rnterocytes displays chylornicrons (*). The central cell portion is occupied by profiles of RER and Golgi fields (Fig. 22) The basal cell part contains numerous mitochondria in close association to some ER lamellae and an elaborate system of lamellar structures derlved from indentations by the basal and lateral cell membranes (Fig. 23) . nu: nucleus. Fig. 21 (Fig. 24) and central (Fig. 25) portions. x14 300. Fig. 26 . Macrophages containing large myelinated structures penetrate the intestinal epithelium.
nu: nucleus of enterocyte. x7100
DISCUSSION
The present communication served a triple purpose: (1) to demonstrate the uptake of endosulfan via contaminated food by fish, (2) to investigate the reaction of hepatic and intestinal ultrastructure to trace concentrations of the pesticide, and (3) to evaluate the possible involvement of endosulfan in a fish kill in the river Rhine following the chemical spill at Base1 in November 1986.
The induction of manifold alterations in enterocytes and hepatocytes clearly documents the uptake of endosulfan from contaminated food and, thus, corroborates the conclusion drawn by Herzberg (1986) from residue measurements in various organs of tilapia Oreochromis aureus and carp. In several mammalian species, the oral intake of endosulfan has been established (Den Tonkelaar & Van Esch 1974, Gupta & Gupta 1979 , Ansari et al. 1984 ). Compared to experiments with mammals, however (oral dose in the range of 1 to 10 mg kg-', e.g. Tyagi et al. 1984) , the dosage applied in the present experiment, i.e. 0.5 pg kg-' food, equivalent to 15 ng kg-' fish d-', is extremely low and emphasizes the extraordinary susceptibility of fish not only to acute, but also to sublethal levels of endosulfan.
The first organ to come into contact with pesticidecontaminated food particles is the intestinal tract. The histological and cytological changes observed in the intestinal epithelium, i.e. proliferation of lysosomes, distension of the intercellular space, invasion of macrophages and stimulation of mucous cell turnover, have to be classified as unspecific reactions of the intestinal mucosa to stress. Distension of the intercellular space has, for example, been described in eel Anguilla anguilla stomach by Peters (1982) as a consequence of social stress. An increase in acid phosphatase, a key enzyme for lysosomes, in Channa striatus has been documented not only after exposure to endosulfan, but also to other pesticides (Arora & Kulshrestha 1985) . Although the diagnostic importance of the histological and cytological modifications is thus limited, they appear of relevance for the interpretation of the metabolic processes stimulated by endosulfan.
The reduction in the amount of lipid inclusions in the enterocytes, which were regarded as sites of shortterm storage, in conjunction with the diminution of chylomicrons in both Golgi vesicles and intercellular space indicate a decline in intestinal resorption of lipid catabolism products and, thus, might account for the lower lipid stores in the liver after endosulfan exposition. Damage to the intestinal mucosa of Channa punctatus has also been postulated by Sastry & Siddiqui (1982 , 1983 as the reason for an impairment of glucose resorption after acute and chronic exposure to endosulfan. In analogy to lipid uptake, reduced intestinal carbohydrate resorption could equally serve as one explanation for the decline in hepatic lipid stores. Further evidence for the interference of endosulfan with intestinal resorption and transport processes is provided by the inhibition of brush border-bound alkaline phosphatase reported by Arora & Kulshrestha (1985) . Thus, the present study provides cytological evidence for an impairment of intestinal transport processes as a first mode of toxic action by endosulfan.
In contrast to these truly pathological symptoms, the proliferation of intestinal mucous cells most likely represents a n adaptive mechanism activated to protect the epithelium from pesticide attack.
Whereas the observations in the liver of control carp are in line with literature data (Byczkowska-Smyk 1970, Gas 1973 , Kramar et al. 1974 , Rutschke & Brozio 1974 , Rojik et al. 1983 , Benedeczky et al. 1984 , Storch et al. 1984 , numerous cytological changes of a n adaptive or compensatory nature could be listed in the liver of endosulfan-exposed carp. In conjunction with an enlarged nucleolus, a highly significant increase in the amount of RER together with the hypertrophy of the Golgi fields indicate a stimulation of hepatic protein synthesis, which, in turn, most likely provides the basis for the proliferation of the SER.
SER augmentation has been generally accepted as the morphological equivalent to the induction of biotransformation processes (Klaunig et al. 1979 , Schoor & Couch 1979 , Hawkes 1980 , Gingerich 1982 , Hinton et al. 1987 , Braunbeck et al. 1989 , 1990a ,c, Braunbeck & Volkl 1991 . In the rat, endosulfan was actually shown to stimulate a n increase in hepatic microsomal protein and to function as a weak inducer of biotransformation enzymes (Den Tonkelaar & Van Esch 1974 , Tyagi et al. 1984 , Siddiqui et al. 1987 and to provoke an increase of SER membranes (Agarwal et al. 1978 , Tyagi et al. 1984 . Similarly, endosulfan has been shown to induce hepatic phase I biotransformation enzymes including cytochrome P450 (Jensen et al. 1991) . The fact that most of the endosulfan metabolites are excreted via the bile indicates that the liver is the major site of endosulfan metabolism and excretion in fish (Schoettger 1970 , Rao & Murty 1982 , Herzberg 1986 ). However, as pointed out by Klaunig et al. (1979 ), Schoor & Couch (1979 , Braunbeck et al. (1989) , as well as Lester et al. (1992 Lester et al. ( , 1993 , there is evidence that in both fish and mammals (cf. Antoine et al. 1984 ) the RER is also involved in hepatic biotransformation processes. From this point of view, the drastic increase in the amount of hepatic RER in endosulfan-exposed carp could also be interpreted as a direct, adaptive response to intoxication. In both rainbow trout Oncorhynchus mykiss exposed to waterborne endosulfan (Arnold & Braunbeck 1993 , 1994 , Arnold et al. 1996a ) and rainbow trout simultaneously contaminated with endosulfan and the phosphorodithionate pesticide disulfoton (Arnold et al. 1995 (Arnold et al. , 1996a there was a similar increase in the amount of endoplasrnic reticulum cisternae.
The stimulation of hepatocytic metabolism is further substantiated by an increase in the number of binucleated cells as well as by a 200 % proliferation and cluster formation of peroxisomes. Whereas the stimulation of karyokinesis may be interpreted as a means to increase the amount of DNA relative to cytoplasm, and thus, to meet elevated metabolic demands, the functional significance of peroxisome aggregation remains unclear.
Lysosomal proliferation, a less regular nuclear shape, enhanced morphological variability of mitochondria, reduced carbohydrate and lipid deposits as well as immigration of macrophages into the hepatic parenchyma are likely to represent unspecific signs of stress (Braunbeck et al. 1989 (Braunbeck et al. , 1990a . The diminution in hepatic glycogen has also been noted in other fish species (Murty & Devl 1982 , Sastry & Siddiqui 1983 , Verma et al. 1983 and could be either due to increased glycolytic activity to meet the energy demands imposed by enhanced metabolic activity, to hormonemediated stress phenomena (Hanke et al. 1983 , Gluth & Hanke 1985 , or to reduced intestinal absorption of carbohydrates as discussed above. Slnce the amount of food ingested was apparently not reduced, the latter explanation might also hold true for the decline in hepatic lipid stores (cf. Murty & Devi 1982) . In rats, a direct stimulation of hepatic lipid peroxi.dation has been reported (Agarwal et al. 1978) . The functional correlate to the polarization of lipid inclusions towards the vascular pole of the hepatocytes, however, remains obscure.
Interestingly, endosulfan also produced cytological effects in the endothelial epithelia of carp liver. Normally, in the liver of fish, chemically induced cytotoxic lesions are almost exclusively restricted to parenchymal cells (Hinton et al. 1988) . However, in eel exposed to the chemical spill in 1986, the endothelial cells also displayed an augmentation of lysosomal elements and changes in the activity of Golgi fields (Braunbeck et al. 1990a) .
The numerous histological and cytological alterations observed in the liver and intestine in contrast to the complete lack of externally discernible effects of endosulfan exposure emphasize the importance of structural and functional investigations in the diagnosis of possible adverse effects of xenobiotics. Stereological techniques serve to complement, quantitatively substantiate and increase the sensitivity of primarily qualitative morphological studies. The present morphological and morphometric study provides several indications to the site and possible modes of toxic action of the xenobiotic substance (cf. Hinton et al. 1987) . For the assessment of the diagnostic value of the observations, pathological lesions may be classified into regenerative responses mediating defense mechanisms and irreversible, degenerative reactions (Altmann 1980 , Sindermann 1984 , Braunbeck et al. 1990a , Braunbeck 1998 . Except for some unspecific, stressrelated changes such as depletion of reserve materials, most of the alterations described, especially those in the liver, are of an adaptive or compensatory nature. This raises the question as to the ecotoxicological significance of such stimulating effects of chronic endosulfan exposure, which have also been reported for Na+-K+-dependent ATPase in fish liver and kidney (Sharma 1988) , as well as for other processes in various fish organs such as the pancreas (Amminikutty & Rege 1977) .
With regard to the fish kill in the river Rhine following the chemical spill at Base1 in November 1986, not only truly pathological symptoms, but also adaptive phenomena appear of importance. In a model calculation based on a bioconcentration factor of 1000 (cf. Schimmel et al. 1977 , Verschueren 1983 , contamination of the food particles with 0.5 pg kg-' might be related to water-borne endosulfan concentrations of 0.5 ng 1". Thus, the 'cytological lowest observed effect concentration' ('cytological' LOEC) is about 3 orders of magnitude below the maximum acceptable toxicant concentration (MATC) listed as 0.2 to 0.4 pg 1-' for the fathead minnow by MC Kim (1977) . Concentrations of 0.5 pg 1-' could well have been reached after the accident in 1986. Since adsorption of endosulfan to particulate material and accumulation in the river sedi m e n t~ appears possible (Greve & Wit 1971 , Deutsche Kommission zur Reinhaltung des Rheins 1986), exposure time may have been sufficient for the induction of the cytological alterations described both in previous (Braunbeck et al. 1990a , Arnold et al. 1995 , 1996a and in the present communication.
The bulk of the organic chemicals spilled into the river Rhine consisted of >500 t of organophosphate esters such as disulfoton, thiometon, propetamphos, etc., but also parathion, the toxicity of which is known to be considerably amplified due to bioactivation by hepatic and, to a lower extent, extrahepatic NADPHdependent mixed-function oxidases (Arnold & Braunbeck 1993 , 1994 , Arnold et al. 1995 , 1996a , which, in turn, can be induced by other stimulants (Murphy 1986 ). Thus, endosulfan may have contributed to the overall toxicity of the chemicals released during the chemical spill in 1986, less as a toxicant in itself than as a stimulant for the toxicity of other components. The activating potency of endosulfan has most likely been intensified by other stimulating pesticides released simultaneously, such as dinitro-o-cresol (Braunbeck & Volkl 1991 .
Further experiments have been initiated (1) to reveal possible alterations of low concentrations of endosulfan in fish kidney, (2) to study interspecies variation in the reaction of fish liver to endosulfan, and (3) to investigate possible additive or synergistic interactions of endosulfan with other pesticides released during the chemical spill at Basel in 1986 (cf. Arnold , Arnold et al. 1995 
